Abstract. Extracellular matrix glycoprotein tenascin-X (TNX) is the largest member of the tenascin family. In the present study, the contribution of TNX to liver dysfunction was investigated by administration of high-fat and high-cholesterol diet with high levels of phosphorus and calcium (HFCD) to wild-type (WT) and TNX-knockout (KO) mice. After 16 weeks of HFCD administration, the ratio of liver weight to body weight was approximately 22% higher in the HFCD-fed WT mice compared with the HFCD-fed TNX-KO mice, indicating hepatomegaly in HFCD-fed WT mice. Histological analyses with hematoxylin and eosin staining at 21 weeks revealed that hepatocyte hypertrophy in HFCD-fed TNX-KO mice was suppressed to 85% of that in HFCD-fed WT mice. By contrast, there was a 1.2-fold increase in lipid deposition in hepatocytes from HFCD-fed TNX-KO mice compared with HFCD-fed WT mice at 18 weeks, as demonstrated by Oil Red O staining. In addition, TNX-KO mice at 21 weeks and 27 weeks post-HFCD administration exhibited significant suppression of inflammatory cell infiltrate to 51 and 24% of that in WT mice, respectively. Immunofluorescence analysis for type I collagen and Elastica van Gieson staining demonstrated a clear hepatic fibrosis progression in HFCD-fed WT mice at 27 weeks, whereas hepatic fibrosis was undetected in HFCD-fed TNX-KO mice. The present findings indicated that TNX deficiency suppressed hepatic dysfunction induced by HFCD administration.
Introduction
The extracellular matrix (ECM), not only fills the extracellular spaces and provides structural support and tissue organization, but is also important for regulating tissue homeostasis and cell proliferation, migration, differentiation, and survival (1) . In healthy tissues, the ECM provides an optimal environment for normal cell functions. However, dysregulation of ECM production and proteolysis is often associated with the onset of pathological conditions (2) . Among ECM glycoproteins, the tenascin family modifies cell adhesions through their adhesive and de-adhesive properties. The tenascin family consists of 4 members in vertebrates: tenascin-C (TNC), tenascin-R, tenascin-X (TNX), and tenascin-W (3).
Non-alcoholic fatty liver disease (NAFLD) is the most common cause of chronic liver disease in Western countries (4) . NAFLD includes a wide histological spectrum of liver diseases, extending from simple steatosis to the inflammatory and fibrogenic condition of nonalcoholic steatohepatitis (NASH) that may progress to end-stage liver disease (cirrhosis) and hepatocellular carcinoma (5) . A previous study suggested that TNC is crucial to the development of fibrosis (6) . Among the tenascin family members, the association of liver diseases with a tenascin family member has been investigated only for TNC. In the fibrotic liver, TNC is localized at connective tissue-parenchymal interface of fibrotic areas (7) . Upregulation of TNC is observed in the interface between poorly differentiated hepatocellular carcinoma and invaded tissues within cancerous sinusoids (8) . It is of note that El-Karef et al (9) demonstrated that TNC directly contributes to liver fibrogenesis by comparing hepatitis in WT mice and TNC-knockout (TNC-KO) mice. TNC promotes liver fibrosis by increasing procollagen synthesis through enhancement of the inflammatory responses, promotion of hepatic stellate cell (HSC) recruitment and enhancement of transforming growth factor (TGF)-β expression (9) .
TNX is the largest member of the tenascin family. Mutations in the TNX gene (TNXB) in humans have been identified in the pathogenesis of Ehlers-Danlos syndrome (EDS), a heritable connective tissue disorder characterized by hyperextensible skin, hypermobile joints and general connective tissue fragility (10, 11) . Complete deficiency of TNX may lead to a recessive form of a classical type of EDS (12) . Conversely, TNX haploinsufficiency is associated with the hypermobility type of EDS (13) . Previous studies have revealed a function for TNX in collagen deposition (14) , collagen fibrillogenesis (15) , and development and maintenance of elastic fibers (16) . TNX-knockout (TNX-KO) mice exhibit several features mimicking EDS, such as progressive skin hyperextensibility (14) . TNX is expressed in various tissues, including skin and skeletal muscle (17) . In the liver, TNX is predominantly localized to the perivascular space around central veins and is associated with blood vessels. Alcaraz et al (18) reported that TNX interacts with the latent TGF-β complex via the C-terminal fibrinogen-like (FBG) domain of TNX, regulating the activation of the latent TGF-β form into an active molecule. It is of note that the FGB domain of TNX induces the epithelial-to-mesenchymal transition (EMT) through latent TGF-β activation (18) .
Under pathological conditions, TNX has been demonstrated to be dramatically decreased in the tumor stroma compared with the normal dermis in a pig model of cutaneous malignant melanoma (19) . Likewise, TNX was shown to be more highly expressed in low-grade astrocytomas than in high-grade astrocytomas and glioblastomas (20) . However, the role of TNX in hepatic pathological conditions has not yet been elucidated. In the present study, in order to examine the role of TNX in liver dysfunction, the histological progression in WT and TNX-KO mice that were administered a high-fat and high-cholesterol diet with high levels of phosphorus and calcium (HFCD) was examined.
Materials and methods
Animals. The present study was approved by the Ethical Committee for Animal Research of Shimane University (Izumo, Japan) and all of the experimental procedures were performed according to the institutional guidelines. TNX-KO mice were generated by TNX gene targeting in murine embryonic stem cells as previously described (21) . TNX-KO mice were further established by backcrossing the original TNX-KO mice into the C57BL/6 J strain for 10 generations. C57BL/6 J mice (n=40; CLEA Japan, Inc., Tokyo, Japan) were used as WT mice. The mice were housed with a 12-h light-dark cycle with ad libitum access to food and water in Alanine aminotransferase/glutamyl pyruvic transaminase (ALT/GPT) activity. Mice were anesthetized with 1-4% isoflurane (Pfizer, Inc., New York, NY, USA) with vaporization, and blood was collected for ALT analysis in order to determine liver function. ALT activity was assayed using the Spotchem II panel-1 kit according to the manufacturer's instructions (Arkray, Inc., Kyoto, Japan).
Histological analysis. Mice were anesthetized with 1-4% isoflurane with vaporization. The transcardial perfusion with saline in the anesthetized mice was performed, and then mice were euthanized prior to removal of the livers. The isolated livers were fixed in 10% formalin solution (Wako Pure Chemical Industries, Ltd., Osaka, Japan) for 12 h at 4˚C, dehydrated in graded ethanol and xylene, and embedded in paraffin blocks for microtome slicing into 5 µm thick sections. The sections were placed on MAS-coated slides (Matsunami Glass Ind., Ltd., Osaka, Japan), dried, and used for subsequent studies. Sections were then used for conventional hematoxylin and eosin staining and Elastica van Gieson staining, using a kit according to the manufacturer's instructions (Sigma-Aldrich; Merck KGaA, Darmstadt, Germany). Stained sections were photographed using an upright microscope (model ECLIPSE 80i; Nikon Corporation, Tokyo, Japan) with a digital camera. Quantitative analysis of hepatocyte hypertrophy was performed by imaging cytometric analysis (NIS-Elements D version 3.2; Nikon Corporation). The number of hepatocytes was counted using templates of regular squares, each of which enclosed an area of 200x200 µm from a total of 12 randomly-selected fields per group.
Oil Red O staining. To determine lipid deposition, liver tissues obtained from the sacrificed mice from each group were fixed in 10% formalin solution for 12 h at 4˚C and treated with 10, 20 and 30% sucrose solution progressively for 4 h each. Then, the tissues were embedded in Tissue-Tek OTC compound (Sakura Finetek USA, Inc., Torrance, CA, USA) and frozen on dry ice. Tissue sections of 5 µm thickness were cut on a cryostat (Leica Microsystems, Tokyo, Japan) and mounted on slides. The sections were stained with 0.18% Oil Red O solution (Wako Pure Chemical Industries, Ltd.) for 5 min at room temperature, rinsed with 60% isopropanol, and then embedded in a water-soluble mounting agent (Mount-Quick-Aqueous; Daido Sangyo Co., Ltd., Saitama, Japan). Tissue sections were photographed and quantitative analysis of stained areas from a total of 12 randomly-selected fields per group were performed using ImageJ software (version 1.48; National Institutes of Health, Bethesda, MD, USA). Oil Red O staining for each group was determined as a fold-ratio relative to the stained area measured for the control WT mice administered ND (ND-WT) at each week.
Immunofluorescence. Liver tissues were treated with 10, 20 and 30% sucrose solution progressively for 4 h each, embedded in Tissue-Tek OTC compound, and frozen on dry ice. Sections of 5-µm thickness were cut, placed on slides and fixed with 10% formalin solution for 12 h at 4˚C. The slides were treated with a blocking solution [5% rabbit serum (Funakoshi Co., Ltd., Tokyo, Japan) and 0.3% Triton X-100 in PBS] and incubated with primary antibodies in 1% bovine serum albumin (Wako Pure Chemical Industries, Ltd., Osaka, Japan) and 0.3% Triton X-100 in PBS for 2.5 h at 4˚C, as follows: Rabbit polyclonal anti-integrin aM (also known as CD11b)/integrin aX (also termed CD11c) antibody (cat. no. bs-1014R; 1:250 dilution; Bioss, Inc., Woburn, MA, USA) and rabbit polyclonal anti-type I collagen antibody (cat. no. LB-1190; 1:250 dilution; Cosmo Bio Co., Ltd., Tokyo, Japan). For staining with the anti-type I collagen antibody, slides were heated with blocking solution at 41˚C for 15 min during the blocking step. The sections were then washed with PBS and incubated for 1.5 h with Alexa Fluor 488-conjugated goat anti-rabbit secondary antibody (cat. no. 4412; 1:5,000 dilution; Cell Signaling Technology, Inc., Danvers, MA, USA). Finally, sections were washed and mounted with Prolong Gold Antifade Reagent with DAPI (Cell Signaling Technology, Inc.). Liver sections were imaged using a confocal microscope (Fluoview FV1000-D; Olympus Corporation, Tokyo, Japan), and quantified using ImageJ software (version 1.48; National Institutes of Health) from 12 randomly selected fields per group. Staining for each group was determined as a fold-ratio relative to the stained area measured for the control ND-WT mice at each week.
Statistical analysis. All data are expressed as the mean ± standard error of the mean. Excel 2010 software (Microsoft Corporation, Redmond, WA, USA) was used for statistical analysis. Statistical significance was analyzed by analysis of variance following by Scheffé's post-hoc test. P<0.05 was considered to indicate a statistically significant difference.
Results

TNX-KO mice exhibit suppression of HFCD-induced hepatomegaly.
First, body weight gains were examined in WT and TNX-KO mice fed an ND or an HFCD. ND-fed WT, ND-fed TNX-KO and HFCD-fed TNX-KO mice exhibited similar body weight gains at 16 weeks (ND-fed WT, 31.5 g; ND-fed TNX-KO, 32.7 g; HFCD-fed TNX-KO, 31.8 g), whereas the body weight gain of HFCD-fed WT mice (28.5 g) was significantly lower when compared with ND-fed TNX-KO mice. Food intake did not differ between WT and TNX-KO mice maintained on ND or HFCD.
Subsequently, the livers from WT and TNX-KO mice fed an ND or HFCD were examined at 16 weeks. Livers isolated from ND-fed WT and ND-fed TNX-KO mice appeared normal. However, HFCD-fed WT mice at 16 weeks had markedly swollen and ocherous livers compared with the HFCD-fed TNX-KO mice (data not shown). The ratio of liver weight to body weight was approximately 22% higher in HFCD-fed WT mice compared with HFCD-fed TNX-KO mice (Fig. 1A) . Levels of serum ALT, as a marker of liver injury, were also examined in the mice at 16 weeks post-HFCD administration. ALT serum levels were significantly elevated in HFCD-fed WT mice compared with mice in all three other groups (Fig. 1B) . Subsequently, histological examination was used to investigate hepatocyte hypertrophy and potential liver injury. As presented in Fig. 2A , evidence of hepatocellular injury, such as ballooning of hepatocytes was detected starting at 18 weeks post-HFCD administration in WT mice. Morphometric analysis of liver specimens demonstrated that the number of hepatocytes per constant area was significantly lower in HFCD-fed WT mice compared with HFCD-fed TNX-KO mice at 9, 18 and 21 weeks post-HFCD administration (Fig. 2B) . Hepatocyte hypertrophy in HFCD-fed TNX-KO mice at 21 weeks was suppressed to 85% of that in HFCD-fed WT mice (Fig. 2B) . These findings indicated that HFCD-induced hepatomegaly and liver injury were suppressed in HFCD-fed TNX-KO mice compared with HFCD-fed WT mice.
Liver steatosis in HFCD-fed WT mice. To determine the effect of HFCD administration on hepatic lipid accumulation in WT mice and TNX-KO mice, liver tissue sections from each group were stained with Oil Red O, which is indicative of liver steatosis (Fig. 3) . ND-fed TNX-KO mice exhibited a greater lipid accumulation compared with ND-fed WT mice at 9 weeks (Fig. 3) . This trend continued during the 27-week period of the experimental protocol (Fig. 3) . By contrast, HFCD-fed WT and TNX-KO mice tissues had increased Oil Red O staining at 9 weeks (Fig. 3) . HFCD-fed WT mice displayed the greatest amount of lipid accumulation at 18 weeks; however, the quantity of lipid accumulation was gradually reduced after 18 weeks (Fig. 3) . HFCD-fed TNX-KO mice; however, displayed increased lipid accumulation throughout the 27 weeks of the experimental protocol (Fig. 3) . At 18 weeks, there was a 1.2-fold increase in lipid deposition in hepatocytes from HFCD-fed TNX-KO mice compared with HFCD-fed WT mice (Fig. 3) .
Inflammatory cell marker infiltration is reduced in liver tissues of HFCD-fed TNX-KO mice.
To further investigate a potential prevention of HFCD-induced hepatic dysfunction in TNX-KO mice, immunofluorescence analysis was performed on liver tissue sections for the inflammatory cell marker CD11b/c. Positive staining for CD11b/c was detected in liver sections from WT mice at 27 weeks post-HFCD, whereas CD11b/c staining in livers from TNX-KO mice was not evident (Fig. 4A) . Quantification of CD11b/c-positive areas demonstrated that the average counts of CD11b/c-positive cells in liver sections from HFCD-fed TNX-KO mice at 21 weeks and 27 weeks were suppressed by 51 and 24% compared with HFCD-fed WT mice, respectively (Fig. 4B) . By contrast, no infiltration of CD11b/c-positive cells was observed in ND-fed WT and TNX-KO mice (Fig. 4A) . These findings indicated that TNX deficiency suppressed the HFCD-induced hepatic inflammatory response.
Suppression of liver fibrosis in HFCD-fed TNX-KO mice.
As liver fibrosis is characterized by the excessive deposition of ECM proteins including type I collagen (22) , the deposition of fibrillar type I collagen in the 4 groups was examined by immunofluorescence. Positive staining for type I collagen was detected in HFCD-fed WT mice at 27 weeks; however, it was not evident at any time point for the 3 remaining treatment groups (Fig. 5) . Elastica van Gieson staining, a method of differential staining of collagen and other connective tissue, 
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was also performed on the liver tissue sections. As presented in Fig. 6 , positive connective tissue fibers were only present in the liver tissues of HFCD-fed WT mice at 27 weeks; however, no staining was evident at any time point for the 3 remaining groups. These findings indicated that TNX deficiency suppressed the HFCD-induced liver fibrogenesis.
Discussion
To the best of our knowledge, the present study is the first to investigate the function of TNX in liver dysfunction induced by administration of HFCD. The results of histochemical analyses demonstrated that administration of HFCD induced steatosis, as well as progressive liver damage, hepatocyte ballooning, inflammatory response and hepatic fibrosis. These findings indicated that administration of HFCD to WT mice may lead to NASH. Liver dysfunction and inflammatory response in HFCD-fed TNX-KO mice was significantly less extensive compared with HFCD-fed WT mice. The results suggested that TNX may promote HFCD-induced liver dysfunction through enhancement of the inflammatory response.
As demonstrated in Fig. 3 , ND-fed TNX-KO mice exhibited a greater lipid accumulation compared with ND-fed WT mice during the 27-week period of the experimental protocol. This result was consistent with a previous report, in which more lipid accumulation was detected in subcutaneous adipose tissue from TNX-KO mice compared with WT mice during ingestion of ND diets (23) . Furthermore, as demonstrated in Fig. 3 , maximum lipid accumulation in the liver was observed at 18 weeks post-HFCD ingestion in WT mice and subsequently gradually decreased, whereas lipid accumulation in HFCD-fed TNX-KO mice continued to increase during the 27-week period. This process may be due to decreased tissue integrity in HFCD-fed WT mice that led to leakage of lipid deposition from the damaged tissues in the liver following 18 weeks of HFCD feeding. 
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It is of note that HFCD-fed WT mice did not become obese, in fact, they lost weight. However, these mice developed progressive liver damage, similar to NASH symptoms. Methionine-choline deficiency (MCD) is a well-characterized dietary rodent model of NAFLD/NASH (24) . The MCD diet induces a phenotype of severe NASH, including hepatomegaly, inflammation or fibrosis, with weight loss following 8 weeks of administration (25, 26) . By contrast, standard high-fat diet feeding generally does not lead to severe NASH despite inducing obesity or hepatic steatosis. Therefore, as the high-fat and high-cholesterol diet with high calcium and phosphorus (HFCD) used in the present study induced severe NASH, the effect of HFCD may resemble that of MCD on the liver.
It has been previously reported that TNC, another member of the tenascin family, promotes hepatic fibrosis by augmenting the inflammatory response through hepatic stellate cell (HSC) recruitment and increased expression of TGF-β (9). By contrast, TNC deficiency attenuates hepatic fibrosis (9) . Furthermore, features similar to those of hepatic fibrosis were observed in pulmonary fibrosis, where an association between TNC and TGF-β signaling has been previously demonstrated (27) . TGF-β is a master profibrogenic cytokine that promotes activation and differentiation of HSCs (28). Alcaraz et al (18) have reported that the FBG domain of TNX interacts with the latent TGF-β complex, leading to its activation through a conformational change. The latent TGF-β activation leads to an induction of the Smad signaling pathway resulting in EMT. Therefore, TNX-driven TGF-β signaling would not be activated in TNX-KO mice. As a result, total TGF-β/Smad signal input to cells may be weakened in TNX-KO mice, even though it is possible that other ways to activate latent TGF-β other than TNX may exist in TNX-KO mice. This potentially attenuated TGF-β signaling may then result in suppression of the inflammatory response and hepatic dysfunction, such as fibrosis and NASH, in the HFCD-fed TNX-KO mice. Further studies will be required in the future to investigate whether TGF-β signaling may be involved in the progression of liver dysfunction observed in HFCD-fed TNX-KO mice.
Recently, Benbow et al (29) reported that increased expression of TNC induced by a high-fat diet enhanced inflammatory response, increased hepatocyte EMT and migration, and development of hepatocellular carcinoma through Toll-like receptor 4 (TLR4) signaling. Additionally, TNC has been previously demonstrated to be important in inflammation mediated through TLR4 in arthritic joint disease (30) . In addition to the TLR4 signaling pathway, TNC enhances inflammatory response via activation of integrin α9 (31) . Thus, since β1-containing (32) and α11β1 (18) integrins have been identified as cell surface receptors of TNX, it would be interesting to determine whether TLR4-integrin signaling may contribute to suppression of hepatic dysfunction in HFCD-fed TNX-KO mice. Crosstalk between TLR4 signaling and TGF-β signaling in hepatic fibrosis has been previously reported (33) .
Complete deficiency of TNX leads to a classical type of EDS in humans (12) . Patients with complete deficiency of TNX primarily exhibit hypermobile joints, hyperelastic skin and easy bruising, without atrophic scars (12) . Based on the data obtained in the present study on TNX-KO mice, it would be of interest to investigate the liver functions in patients with TNX-deficient EDS. Thus far, none of patients with TNX-deficient EDS have been reported to exhibit clinical signs in liver (34, 35) .
In conclusion, TNX deficiency suppressed hepatic dysfunction induced by HFCD administration in mice. Further studies will be required to reveal which signaling pathway is involved in the TNX-mediated hepatic dysfunction. Elucidation of the HFCD-induced TNX signaling pathway may provide potential therapeutic targets for preventing the initiation and progression of NASH. Serum TNC levels were significantly associated with necroinflammatory activity in patients with chronic hepatitis C (36) . Further experimental studies will be required to evaluate the possibility that TNX may also act as a diagnostic marker and/or a therapeutic target in NASH. Figure 6 . Effects of TNX deficiency on liver fibrosis. Representative micrographs of Elastica van Gieson-stained liver sections from ND-fed WT mice, HFCD-fed WT mice, ND-fed TNX-KO mice and HFCD-fed TNX-KO mice, administered the diets for 9, 14, 18, 21 and 27 weeks. Scale bar, 200 µm. TNX, tenascin-X; ND, regular chow; WT, wild-type; HFCD, high-fat and high-cholesterol diet with high levels of phosphorus and calcium; KO, knockout; W, week.
